The Firmicutes represent a major component of the intestinal microflora. The intestinal Firmicutes are a large, diverse group of organisms, many of which are poorly characterized due to their anaerobic growth requirements. Although most Firmicutes are Gram positive, members of the class Negativicutes, including the genus Veillonella, stain Gram negative. Veillonella are among the most abundant organisms of the oral and intestinal microflora of animals and humans, in spite of being strict anaerobes. In this work, the genomes of 24 Negativicutes, including eight Veillonella spp., are compared to 20 other Firmicutes genomes; a further 101 prokaryotic genomes were included, covering 26 phyla. Thus a total of 145 prokaryotic genomes were analyzed by various methods to investigate the apparent conflict of the Veillonella Gram stain and their taxonomic position within the Firmicutes. Comparison of the genome sequences confirms that the Negativicutes are distantly related to Clostridium spp., based on 16S rRNA, complete genomic DNA sequences, and a consensus tree based on conserved proteins. The genus Veillonella is relatively homogeneous: inter-genus pairwise comparison identifies at least 1,350 shared proteins, although less than half of these are found in any given Clostridium g enome. Only 27 proteins are found conserved in all analyzed prokaryote genomes. Veillonella has distinct metabolic properties, and significant similarities to genomes of Proteobacteria are not detected, with the exception of a shared LPS biosynthesis pathway. The clade within the class Negativicutes to which the genus Veillonella belongs exhibits unique properties, most of which are in common with Gram-positives and some with Gram negatives. They are only distantly related to Clostridia, but are even less closely related to Gram-negative species. Thoug h the Negativicutes stain Gram-negative and possess two membranes, the genome and proteome analysis presented here confirm their place within the (mainly) Gram positive phylum of the Firmicutes. Further studies are required to unveil the evolutionary history of the Veillonella and other Negativicutes.
Background
The genus Veillonella, belonging to Negativicutes, consists of anaerobic, non-fermentative, Gramnegative cocci, that are normally observed in pairs or short chains, and are non-sporulating and nonmotile [1] . Veillonella spp. are abundant in the human microbiome and are found in the oral, respiratory, intestinal and genitourinary flora of humans and animals; they can make up as much as 10% of the bacterial community initially colonizing the enamel [2] and are found throughout the entire oral cavity [3] , especially on the tongue dorsum and in saliva [4] . The importance of Veillonella spp. in human infections is uncertain, and they are generally considered to be of low virulence. Veillonella form biofilms, often with Streptococcus spp., and species of these genera have been found to be more abundant in the oral microflora of people with poor oral health [5] . Studies have shown that during formation of early dental plaque, the fraction of Veillonella spp. changes in mixed-microbial colonies with streptococci [6] . Thus, Veillonella spp. may play a role in caries formation as they utilize the lactic acid produced by the organisms conducive to caries [7] . Veillonella are also among the most common anaerobic species reported from pulmonary samples and are frequently recovered from cystic fibrosis cases [8] . The organisms are also abundant in the human gut flora, where their numbers were found to be higher in children with type I diabetes compared to healthy controls [9] . Currently, 12 species of Veillonella have been characterized [10, 11] including V. parvula, V. atypica and V. dispar, which are found in the human oral cavity. The Negativicutes are the only diderm (literally 'two skins') members of the phylum Firmicutes as they possess an inner and an outer membrane. Their placement within the Firmicutes has been widely accepted, and has been confirmed by 16S rRNA analysis [12] . However, their genomes have not been analyzed in detail to confirm their taxonomic position. This work presents a broad analysis of the Negativicutes with focus on the Veillonella spp. using comparative microbial genomics. A total of 24 genomes from the Negativicutes were compared to 121 genomes covering most of the taxonomic span of sequenced bacterial genomes. We investigated how the Negativicutes genomes compared to other bacterial genomes using three different and complementary approaches: 1) phylogenetic trees to visualize the relative distance of the Negativicutes genomes to other genomes; 2) amino acid composition, nucleotide tetramer frequency and metabolism analysis using 2-D clustering and heatmaps to compare genomes; and 3) proteomic comparison across the Negativicutes genomes.
Materials and Methods

Genome sequences used for analysis
The set of 145 genomes included in this study (24 Negativicutes genomes and 121 other prokaryotic genomes covering 26 phyla) are listed in Table 1 . 
16S rRNA tree
For this analysis, 16S rRNA sequences were predicted from the whole genome sequences of the selected organisms, using the RNAmmer algorithm [13] . These sequences were aligned using the MAFFT program, with the iterative refinement algorithm using maximum iteration (1000) and default parameters for gap penalties [14] . A distance tree was constructed using MEGA5 [15] with the Neighborjoining algorithm [16] and 1,000 bootstrap resamplings. The taxa in the resulting tree were collapsed to phyla, except for the Negativicutes.
Composition Vector Tree (CV)
A Composition Vector Tree was constructed based on protein sequences of the 145 selected genomes using a webserver (available at tlife.fudan.edu.cn/ cvtree) with the K parameter set at 6 [17] . The outcome from the program is a distance matrix based on amino acid sequence comparisons, which is then used to generate a phylogenetic tree with the neighbor-joining method. In the shown tree, the outgroup chosen was Methanothermus fervidus (an Archaea). After tree visualization with MEGA5, branches were collapsed wherever possible with the exception of the Negativicutes branch, which remained expanded.
Consensus tree of conserved genes
Using the list of universally conserved core genes, previously identified by Ciccarelli et al. [18] , and an implementation of BLAST, a set of genes that was shared among all 145 genomes was identified.
Proteins that had no match in at least one genome or showed poor E-value were eliminated. The 27 conserved core genes were extracted (Table 1) and a multiple alignment was produced using MUSCLE software [19] . A set of phylogenetic trees was constructed by PAUP [20] and a best-fit consensus tree was generated using Phylogeny Inference package (PHYLIP) as described elsewhere [21] . Bootstrap values were found after 27 resamplings, which is equal to the number of gene families conserved in all the analyzed genomes.
DNA tetramer analysis and amino acid usage
A tetramer frequency heatmap was constructed from the observed ratios of tetra-nucleotide frequencies divided by estimated tetra-nucleotide frequencies for each genome [22] . The estimated tetra-nucleotides were computed from the genomes' base composition. The ratio of observed over expected frequency was used for hierarchical clustering using complete linkage and Euclidean distance, which was subsequently performed with respect to both strain and tetramer frequencies.
The amino acid heatmap is based on frequencies of deduced proteomic amino acids from each genome normalized with respect to the total number of amino acids in each genome. The amino acid frequencies for each genome were clustered using complete linkage and Euclidean distance with respect to both genomes and amino acids. The heatmap was made using the R package ggplot2 [23] .
Comparison of metabolism potential
The protein sequences of Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology categories [24] were downloaded and only the Bacterial sequences were considered. The Hidden Markov model (HMM) of each ortholog was generated using HMMER version 3 [25] based on the multiple alignment of each orthologous set of KEGG proteins, using MUSCLE software [19] . The 145 proteomes were queried against the HMMs to infer their ontology. A cutoff of 1×10 − 30 was used for statistical significance. A heatmap of each pathway and process derived from the database KEGG was illustrated based on normalized abundance of the enzymes present in each pathway. The heatmap and hierarchical clustering were performed in the software R [23] .
Construction of BLAST matrix and proteome comparison
Reciprocal BLAST was performed between each genome pair. The program blastall version 2.2.25 was used for BLAST implementation using default settings (BLASTp, E-value set to 1×10 − 5 for nonhomologs and 1×10 − 8 for homologs, without filtering). A hit was considered significant at a BLAST cutoff of 95% identity and 95% coverage (of the longest gene in comparison). The number of hits was then given as a percentage of the genes in the column representing the corresponding genome. The diagonal designates internal homologs, computed by blasting each genome with itself. To avoid including identical genes, the second highest scoring hits were used. Furthermore, we also performed homology reduction of the diagonal hits, using an implementation of the Hobohm algorithm [26] .
Results
Twenty-four Negativicutes genomes were compared to 121 other prokaryotic genomes covering 22 Bacterial and 4 Archaeal phyla. When available, at least two genomes were included for every phylum. The first analysis presented here is based on 16S rRNA alignments. A single 16S rRNA gene was extracted from each of the genomes and an alignment was produced spanning the maximum length of the gene. A phylogenetic tree was constructed based on this alignment, as shown in Figure 1 . With the exception of the Negativicutes, branches of the tree were collapsed in those cases where the analyzed species within a phylum clustered together. With the exception of some Firmicutes, the analyzed genomes cluster according to their phylum, although the Deferribacteres phylum is mixed with the Proteobacteria phyla, and two members of Proteobacteria are not positioned with other members of their phylum (Lawsonia intracellularis and Magnetococcus). That most phyla could be collapsed is consistent with the weight of 16S rRNA similarities in currently accepted taxonomic descriptions of prokaryotes. The Firmicutes, however, show less consistency. Although most of the analyzed Firmicutes cluster together, two species are separated from the Firmicutes branch (Eubacterium cylindroides and Thermoanaerobacter sp., both members of Clostridia). The Negativicutes are positioned within the Firmicutes cluster, and this part of the tree is expanded in the figure for clarity. As can be seen, phylogeny of the 16S rRNA gene provides good resolution between the different genera of the analyzed Negativicutes. All Veillonella spp. are clustered within one branch of the Negativicutes. The Acidaminococcaceae (to which Phascolarctobacterium spp. also belong) are placed within the cluster of the Veillonellaceae, in accordance with their current classification [27] . The Acidaminococcaceae used to be recognized as a separate family within the Negativicutes, just like the Veillonellaceae, and during preparation of this contribution these two families were presented as such in the Taxonomy database at NCBI. Of note is the relatively close relationship between Negativicutes and two Clostridium species (C. botulinum and C. cellulolyticum), which does not cluster with other members of the Clostridium genus (Figure 1) . That genus displays a high degree of variation and re-classification of some of the members of this genus is in progress (see for example [27] ). That two members of the Clostridia are even placed outside the Firmicutes phylum is an indication of 16S rRNA gene sequence heterogeneity within this class. Next, all protein-coding genes of the analyzed genomes were compared and a composition vector tree (CVtree) was produced, based on amino acid sequences (Figure 2 ). The topology of the resulting tree is generally in accordance with the 16S rRNA tree shown in the previous figure. As indicated by the collapsed branches, the CVtree grouped most genomes according to their known taxonomic phyla, although not all Spirochaetes cluster together. In contrast to the 16S rRNA tree, in this protein tree all the Firmicutes cluster together, and are distinct from other phyla. The Negativicutes genomes, nested within the Firmicutes, again have the Acidaminococcaceae placed within the Veillonellaceae, while all Veillonella spp. are found in one cluster. All Clostridia, this time divided into two collapsed branches, are positioned as the closest relatives to Negativicutes. It is of interest that among the closest relatives to Firmicutes, based on this analysis, are the Fusobacteria and the Elusimicrobia; these are atypical diderm bacteria that produce lipopolysaccharides [28] . However, the spirochete, Brachyspira murdochii, does not possess two membranes, but is nevertheless grouped with atypical diderms. On the other hand while the Synergistetes are atypical diderm bacteria, they are placed elsewhere in the tree (Figure 2 ). A third analysis was based on a subset of proteins found conserved amongst all analyzed genomes. These conserved proteins were selected based on a protein BLAST (a cutoff of 50% identity and 50% coverage of the query length was used) and single linkage clustering. The analysis identified 29 genes that are shared among all 145 genomes [ Table 2 ]. A consensus tree was constructed based on these 29 conserved proteins (Figure 3) . The results confirm the global observations of the other two phylogenetic analyses: the Negativicutes cluster together and are most closely related to Clostridia (in this case the most closely related species are Desulfotomaculum reducens and Acetohalobium arabaticum). As before, the Acidaminococcaceae cluster together but within the Veillonellaceae. The position of Turicibacter sanguinis within the Bacilli group of Firmicutes is consistent with the other two trees but contrasts with its taxonomic description at NCBI as a member of the Erysipelotrichia. In conclusion, based on three independent phylogenetic analyses, the closest relatives to the Negativicutes seem to be the Clostridiaceae. The observed clustering of species within the Negativicutes is consistent with their assigned taxonomy. Furthermore, these analyses show that Veillonella spp. form a distinct branch, most different from the other Negativicutes, while the recent change of status of the Acidaminococcaceae (they are no longer a separate family) is confirmed by these analyses.
Apart from comparing proteins and genes, genomes can also be compared based on nucleotide composition irrespective of their coding capacity. For instance, the frequency of nucleotide combinations can reveal similarities between genomes that are independent of protein-coding information. We compared the frequency of tetranucleotides for all 145 genomes. The observed frequency of all 64 tetranucleotide combinations was extracted for each genome and these frequencies were divided by the theoretically calculated, expected frequencies (corrected for differences in base composition). This ratio, which could be interpreted as a genomic signature, was expected to reflect taxonomic divisions [29] . However, although the analysis identified a high similarity in tetranucleotide frequency for all of the analyzed Veillonella genomes, most of the clustering observed was not in accordance with known taxonomic relationships. Not only were Negativicutes other than Veillonella separated from each other and strewn across the phyla, but also several other Firmicutes were distributed over various branches (data shown as supplementary material). In fact, for most of the analyzed genomes, members of identical phyla did not cluster together and even the Archaea were mixed with Bacteria, although some closely related species were indeed clustered. This may explain why all Veillonella genomes grouped together. Several organisms with similar tetranucleotide frequencies did not share a common ecological niche, in contrast to previously reported observations (reviewed in [30] ). Neither was the obtained clustering dictated by GC-content. The conclusion from this analysis was that tetranucleotide analysis is only taxonomically informative for closely related genomes.
We also compared whole-genome amino acid frequencies in each of the deduced proteomes. Although the results are slightly more in agreement with known taxonomy as compared with the genomic signatures discussed above, this analysis does not cluster organisms according to their phyla, and again some Archaea are mixed with Bacteria. The relevant part of the heatmap based on amino acid frequency is shown in Figure 4 . All Veillonella genomes cluster together within the Negativicutes, with the exception of two of the three Dialister genomes, which are found most closely related to Clostridium species (See supplemental information for a version of this figure showing all the genomes). The major Negativicutes cluster also contains a Geobacillus (which is a Gram-positive Firmicutes) and a methanogenic Archaean. Interestingly, the closest relatives to this cluster are not Clostridia, as the previous phylogenetic trees suggest, but a number of Proteobacteria. It is striking that the amino acid frequency analysis detects similarities to Proteobacteria, with which the Negativicutes have their two membranes in common. The metabolic properties encoded by the genomes were analyzed next, based on KEGG comparisons [24] . The results are again visualized in a heatmap ( Figure 5 ). We hypothesized that this analysis could identify similarities based on niche adaptation. For simplicity, only a selected number of phyla are shown: apart from the Firmicutes, genomes are included that represent Bacteroidetes and Proteobacteria (both of which contain members frequently found in the oral or gut microbiome), while Cyanobacteria are included as representatives of a phylum that occupy an environmental niche. Since the genomes are compared based on predicted proteomes, their annotation was standardized in order to reduce artificial variation caused by gene annotation differences. As can be seen in Figure  5 , the Veillonella genomes all cluster together at the right-hand side of the plot, within a larger cluster containing most of the other Negativicutes and some Firmicutes. The three Dialister species are placed outside the Negativicutes cluster. The other Firmicutes that are found combined with the Negativicutes, based on their metabolic potential, are Clostridium cellulolyticum, Eubacterium rectale, Lactococcus lactis, Streptococcus pneumoniae and Turicibacter sanguinis. These are all common members of the oral or intestine microbiome. As expected, the metabolic pathway for lipopolysaccharide biosynthesis is shared between the Negativicutes and other Gram-negative species, as indicated by the arrows in Figure 5 . Interestingly, the Cyanobacteria form a small cluster within, not outside the tree, together with a Haliangium and a Sorangium species as their closest neighbors (both are social Myxococcales belonging to the Deltaproteobacteria). The exclusive ability of carbon fixation by Cyanobacteria is apparent from the dark red square in the block 'energy'. The lanes of Veillonella in Figure 5 are dominated by light colors, indicative of medium metabolic potential; that is, in contrast to some genomes where most of the pathways are present (dark red for Proteobacteria for example) or missing (dark green for other Negativicutes), the Veillonella genomes have partial pathways (based on knowledge primarily from aerobic genomes). There is no reason to believe that the Veillonella genomes should have less metabolic potential than other Negativicutes. Indeed, it is likely that the differences in metabolic potential of Veillonella are truly reflective of alternative capabilities for these bacteria.
It was further investigated how conserved the predicted proteomes are within the Negativicutes. As a quantitative measure for homology, shared protein-coding genes were identified by pairwise BLASTP comparison and expressed as a percentage of the combined proteomes. The results are shown in a matrix (Figure 6) . In addition to the proteomes of the 24 Negativicutes, the comparison includes Clostridium botulinum, Cl. cellulolyticum and Desulfotomaculum reducens, as these Firmicutes were shown to share characteristics with Negativicutes in previous analyses (cf. Figures 1  and 3 ). The proteome of E. coli K12 is included as an example of a Gram-negative intestinal bacterium. The BLAST matrix was constructed using reciprocal best BLAST hits to determine the presence of shared protein family between two genomes. Inspection of Figure 6 shows that the genus Veillonella is relatively homogeneous; any two members of this genus share between 67% and 90% homology (1,357 to 1,682 protein families), irrespective of the species. The genus Selenomonas is more heterogeneous, with pairwise homology varying from 42% to 82% between any two species (980 to 1659 protein families). The three proteomes of Dialister spp., covering two species, share between 40% and 84% homology. The highest homologous fraction identified between two members of different genera within the Negativicutes is 43% (Mitsuokella multacida compared to Selenomonas sputigena, whereas the lowest homology is 15% (Dialister spp. compared to Thermosinus carboxydivorans). Negativicutes share between 9% and 33% homology with the analyzed Firmicutes, whereas slightly lower homology is detected with E. coli (between 7% and 24%).
Finally, we assessed the gene pool conserved within all analyzed Negativicutes. Using the same cutoff for protein BLAST comparison as before, a core-genome is identified that contains about 300 conserved protein families (data not shown). This is a relatively low number of conserved proteins, reflective of the extensive genetic heterogeneity within this bacterial class. 
Discussion
The availability of complete sequences for a large and diverse set of Bacterial genomes has helped in exploring the conundrum of the genus Veillonella, a genus within the Negativicutes class, all of which are Gram negative Firmicutes. The 16S rRNA tree shown as Figure 1 illustrates how "close" the Negativicutes are to other Firmicutes. The closest Gram positive Clostridium species are actually quite distant to Veillonella and other Negativicutes genomes, as can be seen in the low fraction of shared protein families in Figure 6 . The Gramnegative Firmicutes are even more distant to other Gram negatives, such as Proteobacteria (e.g., E. coli). It should be noted that the family Clostridiaceae is a largely diverse group with many members being re-classified [27] . It is therefore possible that the taxonomic description of some Clostridium genomes may change in future. However, our analyses did not identify one single Gram-positive Firmicutes (Clostrida or others) that consistently was identified as most closely related to Veillonella. As seen from three types of phylogenetic analysis, the Negativicutes class genomes form a distinct cluster within the Firmicutes, and the Veillonella genus forms a relatively homogeneous group of species within the Negativicutes, with relatively conserved metabolic properties ( Figure 5 ). In comparison, the Selenomonas genus is more heterogeneous, at least based on their total gene comparison, as illustrated in Figure 6 .
In contrast to expectations, relatively little homology between Negativicutes and other Gramnegative genomes was detected in our analyses. Neither gene-dependent phylogenetic analysis, nor gene-independent DNA tetramer analysis identified a significant commonness between Negativicutes and, say, Proteobacteria. Only whole-genome frequency analysis of amino acid usage identified some similarity to a few Proteobacteria, and this might be more reflective of environment the organism is adapted to, and not phylogeny. Using KEGG pathways for metabolic comparison of the proteomes we found few pathways in common, with the exception of a shared lipopolysaccharide biosynthesis pathway. From all analyses combined, it is clear that the taxonomic placement of Negativicutes within the Firmicutes reflects their genetic and genomic characteristics, although the proteins encoded by the Negativicutes genomes are quite distinct from their Gram-positive cousins. It could be speculated that the double membrane of the Negativicutes evolved in a lineage that used to be a singlemembrane (Gram-positive) Firmicute. Whether this event co-evolved independently of the formation of other Gram-negative phyla, or was the result of lateral gene transfer, cannot be stated for certain at present; estimations of horizontally transferred regions in Veillonella parvula DSM 2008, the only fully assembled Veillonella genome available, using the least conservative method on the Islandviewer web-site [31] , revealed that only 2% of the genome is of foreign origin. In comparison, 9% of the E. coli K-12 subsp. MG1655 genome was predicted as horizontally transferred. Further analyses are therefore needed to assess this in more detail.
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